Background: ABA-, stress-and ripening-induced (ASR) proteins have been reported to act as a downstream component involved in ABA signal transduction. Although much attention has been paid to the roles of ASR in plant development and stress responses, the mechanisms by which ABA regulate fruit ripening at the molecular level are not fully understood. In the present work, a strawberry ASR gene was isolated and characterized (FaASR), and a polyclonal antibody against FaASR protein was prepared. Furthermore, the effects of ABA, applied to two different developmental stages of strawberry, on fruit ripening and the expression of FaASR at transcriptional and translational levels were investigated.
Introduction
Fruits can be classified as climacteric and non-climacteric based on their patterns of respiration and ethylene production during maturation and ripening [1] . Climacteric fruits such as tomato and banana show a burst of ethylene production in association with increased rates of respiration during ripening. In these fruits, the burst of ethylene production is essential as it coordinates the transcription and translation of many ripening-associated genes and downstream proteins responsible for normal fruit ripening [1] [2] [3] . In contrast, non-climacteric fruits such as pepper, strawberry, and grape exhibit neither the respiratory burst nor ethylene responses like climacteric fruit during ripening [4] [5] [6] . While there has been intensive research into characterizing the mechanisms of climacteric fruit ripening [1, [7] [8] [9] , there has been relatively less attention paid to the mechanisms involved in the ripening of nonclimacteric fruit. Some reports indicate that the ripening of nonclimacteric fruits may be related to abscisic acid (ABA), auxin, brassinosteroids, ethylene and methyl jasmonate (MeJA) [4, 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] . These results suggest that fruit ripening probably involves the integration of multiple hormone signals [19, 20] .
There has been considerable research into the role of ABA in both climacteric and non-climacteric fruit ripening. It is well known that the ABA content increases during fruit ripening in both climacteric and non-climacteric fruit [21] [22] [23] [24] [25] . Moreover, ABA is thought to control ripening through activation of ethylene biosynthesis in climacteric fruits [24] and, thus, ABA can be considered as a candidate for a ripening control factor [24, 25] . Biochemical and genetic evidence has also indicated that ABA biosynthesis and signaling appear to involve a complex network of both positively and negatively regulating components, including kinases, phosphatases and transcriptional regulators [26] [27] [28] . It has been well documented that 9-cis-epoxycarotenoiddioxygenase (NCED), a key enzyme in ABA biosynthesis, plays an important role in ripening of both climacteric and non-climacteric fruit [19, 24, 25, 29] . In addition, ABA activated the expression of anthocyanin biosynthetic genes and the anthocyanin synthesisrelated VvmybA1 transcription factor [30, 31] , and delayed the expression of condensed tannin biosynthetic genes (VvANR and VvLAR2) in grapes [32] . Recently, proteomic analysis further demonstrated that ABA accelerated grape berry ripening mainly via the regulation of many proteins involved in the ripening process [33] . Unfortunately, many of the cellular components and genes concerning ABA downstream signal transduction have not been well characterized.
ABA-, stress-and ripening-induced (ASR) proteins are hydrophilic charged low-molecular weight plant-specific proteins. The ASR proteins have been shown to be involved in plant development, senescence and fruit ripening, and in response to ABA and abiotic stresses such as water deficit, salt, cold and limited light [34, [35] [36] [37] [38] [39] [40] [41] [42] . More importantly, grape and tomato ASR proteins have been proposed to regulate the transcription of sugar-and abiotic stress-regulated genes in fruit and vegetative tissues [34, 43, 44, 45] . For examples, grape ASR (VvMSA) could bind to the promoter sequence of a monosaccharide transporter [34] and tomato ASR1 bound coupling element 1 (CE1) of ABI4 promoter competing with ABI4, which produced an ABA insensitive phenotype [43] . These results suggested that the ASR proteins act as a downstream component of a common transduction pathway for sugar and ABA signals. Although several functions of ASRs have been proposed, the precise role of the ASR protein in fruit ripening remains unclear.
Strawberry (Fragaria 6 ananassa) is one of the most economically important fresh and processed fruits, consumed for both its pleasant flavour and its nutrient content [46] . However, strawberry fruit have a short shelf-life, mainly due to a rapid loss in firmness and texture [47] . Essential factors that control the growth and development of strawberry fruit are still poorly characterized at the molecular level [48, 49] . The strawberry achenes (a combination of seed and ovary tissue at the base of each pistil) are the true fruit of this specie and are embedded in the epidermal layer of the receptacle connected by vascular bundles [47, 49] . It is well established that fertilized achenes govern the fate of the receptacle and, at least during the early stages of fruit development, auxin synthesized in the achenes promotes the growth of the receptacle [50] . Moreover, auxin negatively regulates almost all strawberry identified ripening-regulated genes [51] [52] [53] . More recently, gibberellin (GA) has been reported to play a critical role in the development of the strawberry receptacle [49] . However, little attention has been paid to possible roles of other plant hormones in these processes, such as ABA.
In the present work, a strawberry FaASR gene was isolated and characterized, and the polyclonal antibody of FaASR was then prepared. The effects of ABA applied to two different developmental stages of strawberry on subsequent fruit ripening with regard to FaASR at transcriptional and translational levels were also investigated. The results showed that the ABA-related enhancement in FaASR at transcriptional and translational levels may partially contribute to the accelerated ripening of strawberry fruit.
Results

Isolation and characterization of full-length cDNA of FaASR
One fragment of an ASR homologue of approximately 790 bp, was cloned from strawberry fruit by RT-PCR using degenerate primers. The corresponding full-length sequence, designated FaASR, was subsequently amplified by RACE-PCR and deposited in GenBank (accession number JN006160). FaASR cDNA (989 bp) consisted of a 59-untranslated region of 65 bp, an ORF of 576 bp and a 39-untranslated region of 348 bp from the stop codon including poly(A). It encoded the predicted polypeptide (pI 6.03) of 192 amino acids (AA), with the predicted molecular weight of 21.05 kDa. FaASR was a small protein rich in Glu (13%), Gly (13%), His (11%) and Ala (9%), which might be a feature of all the ASR proteins [34, 54] . A BLAST search of GenBank revealed that FaASR shared 68% and 65% homology at the protein level with LcASR1 (AAY97997) from tomato and ZmASR1 (ACG35620) from maize, respectively.
The optimal multiple sequence alignment of FaASR protein with its homologies is presented in Figure 1 . Although the amino acid sequences of ASR proteins were diverse in both size and composition, two main highly conserved regions existed in the FaASR amino acid sequence: a small N-terminal consensus of 18 to 20 amino acids containing a typical stretch of Zn-binding six His residues in a 10-amino acid sequence, and a longer C-terminal region of at least 80 amino acids exhibiting two Ala-rich regions ( Figure 1) . A putative nuclear targeting signal (KKED-KEEAEEASGKKHHH) at the C-terminus [34, 54] and one site for N-myristoylation [54] were also found in the FaASR protein.
In addition, checking for the specific sequences in FaASR using the BLOCKS method (http://blocks.fhcrc.org) revealed the presence of one ABA/WDS domain (from 118 to 147 AA), which is described in ABA stress-and ripening-induced proteins [55] and in water deficit stress-induced proteins [56] . Overall, these observations indicated that the FaASR shared common features with ASRs obtained from other plants.
Subcellular localization of FaASR
Some reports have shown that ASRs were preferentially localized in the cell nucleus [34, 45] , while other reports determined that tomato ASR1 and lily ASR were localized in both cytosol and nucleus compartments by western blot and indirect immunofluorescence analysis [57, 58] . To determine the subcellular localization of FaASR protein, the coding region of FaASR was fused in-frame with the GFP gene, and the resulting constructs were then bombarded into onion epidermal cells or transfected into tobacco protoplasts. Although the amino acid sequence of FaASR analysis revealed that it contained one nuclear localization sequence (NLS) in its C-terminal region (Figure 1 ), the fluorescence of FaASR-GFP fusion protein was not exclusively targeted to nuclei in onion epidermal cells (Figure 2A ) or tobacco protoplasts ( Figure 2B ). FaASR-GFP fusion protein was targeted to the cell outlines, likely the cytoplasm, and the nucleus.
FaASR showed transcriptional activation activity in the Nterminal domain
To investigate the transcriptional activity of FaASR, a transient expression assay using a GAL4-responsive reporter system was performed. Yeast strain AH109 harboring two reporter genes, lacZ and His3, was transformed with the fusion plasmids pGBKT7-FaASR-F, pGBKT7-FaASR-N, pGBKT7-FaASR-C, the positive control pGBKT7-53+pGADT7-T, and the negative control pGBKT7, respectively ( Figure 3A) . Figure 3B showed that the transformed yeast cells harboring pGBKT7-FaASR-F, pGBKT7-FaASR-N and pGBKT7-53+pGADT7-T (the positive control), grew well in the SD medium lacking tryptophan, histidine and adenine, and showed b-galactosidase activity, whereas the cells containing pGBKT7-FaASR-C or pGBKT7 (the negative control) did not show b-galactosidase activity. The data further confirmed that FaASR functioned as a transcriptional activator in yeast, and had trans-activation activity in the N-terminus.
Induction and purification of the FaASR fusion protein
The ORF sequence of FaASR was PCR amplified and digested with NdeI and BamHI, which did not cut within the coding region. The resulting PCR fragment was ligated to the NdeI/BamHI predigested pET-3C vector to generate the recombinant plasmid, pET-3C-FaASR. The clones were screened by PCR and subjected to restriction digestion. The inserted fragment was then verified by sequencing to confirm that the FaASR coding region was in the correct reading frame with the His-tag in the vector. The confirmed construct pET-3C-FaASR was finally transformed into E. coli strain BL21 (DE3).
As shown in Figure 4 , upon induction by IPTG for 4 or 6 h at 37uC, SDS-PAGE indicated that FaASR was expressed as a major protein product of about 26 kDa in the total cellular protein, when visualized by Coomassie Brilliant Blue R250 staining ( Figure 4 , Lanes 2 and 3). The molecular weight of the expressed recombinant protein was estimated to be about 26 kDa fused with His-Tag, and therefore the size of expressed pET-FaASR protein was in good agreement with that predicted from the amino acid sequence of FaASR by the bioinformatics method. In addition, the corresponding band was not found in the total cellular protein without IPTG induction ( Figure 4 , Lane 1). The amount of the recombinant protein was roughly over 60% of the total protein. It was also found that the recombinant protein was expressed in the insoluble fraction of the total bacterial cultures as an inclusion body (data not shown). Similarly, it was also reported that Ginkgo biloba GbASR is insoluble when expressed in E. coli [54] .
Owning to the His-Tag sequence, the recombinant FaASR fusion protein could bind to the Ni-NTA His Bind Resin, and was recovered by eluting with imidazole. The target protein recovered by elution with imidazole had a high degree of purity (.95%) ( Figure 4 , Lane 4).
FaASR polyclonal antibody specificity
The immunoglobulin fractions (IgG) against FaASR were purified from rabbit raw antiserum by (NH 4 ) 2 SO 4 precipitation and DEAE-Sepharose A-50 chromatography. The titer of the purified IgG of anti-FaASR was determined by ELISA analysis. The results indicated that the anti-FaASR polyclonal antibody had a high sensitivity, with a 1/25,000 dilution of the antiFaASR polyclonal antibody being capable of detecting 1 mg of the antigen ( Figure 5 ). In contrast, the pre-immune rabbit serum used as control did not recognize the antigen. Moreover, the affinity and specificity of the obtained FaASR polyclonal antibody was further confirmed against the crude protein extract from strawberry fruit in the following western blot analysis.
Changes in endogenous ABA content and levels of FaASR mRNA and protein at different ripening stages
To investigate whether the changes in endogenous ABA content and levels of FaASR mRNA and protein in strawberry were associated with fruit ripening, the endogenous ABA content and temporal expression patterns of FaASR mRNA and protein were analyzed at the five different developmental stages, from small green to ripening fruit. As shown in Figure 6 , endogenous ABA content ( Figure 6B ), levels of FaASR mRNA ( Figure 6C ) and amounts of FaASR protein ( Figure 6D ) were lowest in the small green (SG) and large green (LG) fruit with higher fruit firmness [51, 59] . When ripening commenced at white (W), turning (T) and full-ripe red (R) developmental stages, fruit firmness decreased remarkably [59] once the red fruit skin colour developed ( Figure S1A ), in association with an increase in endogenous ABA content, transcripts of FaASR, and amounts of FaASR protein at W or T stage, and remained at high levels at the late ripening stages ( Figure 6 ). In addition, FaNCED mRNA accumulated at W or T stage, and reached highest levels at the late ripening stages ( Figure S1B ). This trend was consistent with the accumulation of endogenous ABA content, FaASR mRNA and FaASR protein. These results indicated that endogenous ABA content and levels of FaASR mRNA and protein might be associated with the initiation of strawberry fruit ripening.
Effect of exogenous ABA treatment on endogenous ABA content and fruit ripening
To further confirm the role of ABA involved in fruit ripening, exogenous ABA was applied to the fruit at two different developmental stages and then endogenous ABA content and fruit firmness were analyzed. When ABA was applied to the fruit at LG stage, endogenous ABA content in the ABA-treated fruit increased rapidly after 2 h of treatment, and steadily increased to about 6.47-and 6.21-fold higher than that in the control fruit at 6 and 24 h, respectively ( Figure 7A ). In addition, fruit firmness of the ABA-treated fruit was lower than that of control fruit, with the fruit firmness of the ABA-treated fruit at 7 and 10 d after treatment being 39.0% and 30.0% lower than that of control fruit, respectively ( Figure 7B ), indicating that ABA also accelerated fruit ripening and softening. ABA treatments also resulted in greater red colour development ( Figure S2 ). Similar patterns in endogenous ABA content, fruit firmness and red colour development were also observed in the fruit when exogenous ABA was applied at W stage ( Figure 7C and 7D, Figure S2 ). Moreover, ABA treatment at LG or W stage greatly enhanced the accumulations of FaNCED mRNA ( Figure S3 ), which confirmed that the increase in ABA content was mainly due to endogenous ABA biosynthesis. These results indicated that strawberry fruit ripening was closely related to ABA accumulation, that is, ABA may play an important role in regulating fruit ripening.
Effect of exogenous ABA treatment on the accumulations of FaASR mRNA and protein
The expression of FaASR at mRNA and protein levels after application of exogenous ABA at LG and W stages were analyzed, to further confirm the possible association of FaASR mRNA and its protein accumulation with exogenous ABA-accelerated fruit ripening. As shown in Figure 8 , when ABA was applied to fruit at the LG stage, FaASR mRNA transcripts ( Figure 8A ) and protein ( Figure 8B ) began to increase within 0.5 h and 2 h after ABA treatment, and rose to a peak at about 4 d and 10 d, with 1.75-and 1.21-fold higher abundance than those in the control fruit, respectively.
When ABA treatment was applied to fruit at the W stage, the abundance of FaASR mRNA increased within 0.5 h. FaASR transcripts reached a peak at 10 d after the treatment that was 1.15-fold higher than that in the control fruit ( Figure 9A) . Meanwhile, the amount of FaASR protein in the ABA-treated fruit also increased significantly within 2 h (1.71-fold higher than that in the control fruit), and remained at a higher level until 4 d after the treatment before decreasing ( Figure 9B ). These results indicated that ABA treatment could induce the expression of FaASR at both transcriptional and translational levels. 
Discussion
To date, more than 20 ASR orthologs have been cloned from various species of dicotyledonous and monocotyledonous plants [60] , including Cucumis melo [38] , lily [61] , grape [34] , Ginkgo biloba [54] , potato [62] , maize [63] , rice [64] , pummelo [55] and loblolly pine [56] . However, no ASR-like genes have been identified in Arabidopsis [34, 41] . In the present work, a novel ASR gene, FaASR, was isolated and characterized from strawberry fruit for the first time. FaASR displayed sequence similarity to all previously characterized ASR sequences ( Figure 1 ) and shared the main characteristics of ASR proteins. FaASR was deduced to encode a polypeptide of 192 amino acids with a predicted molecular weight of 21.05 kDa, which was in good agreement with that of the recombinant FaASR expressed in E. coli. Furthermore, the protein sequence contained two highly conserved ASR protein regions, a nuclear targeting signal and an ABA/WDS motif ( Figure 1 ). Transcriptional activation analysis showed that FaASR could activate transcription in yeast cells and the activation activity was mapped to its variable N-terminal region ( Figure 3B ). These data allow us to conclude that FaASR belongs to the ASR family and may function as a transcription activator. Similarly, other reported ASR proteins are suggested to function as transcription factors that likely target hexose transporters and ABA responsive genes [34, 43, 45] .
Subcellular localization of FaASR-GFP in onion epidermal cells or tobacco protoplasts indicated that the FaASR-GFP fusion protein was not exclusively targeted to nuclei (Figure 2 ), although one nuclear localization sequence (NLS) existed in its C-terminal region ( Figure 1 ). Many nuclear proteins are reportedly also found in the cytoplasm, including tomato ASR1 and lily ASR [57, 58, 65] and translocation of proteins between the two compartments might be used to regulate the activity of such proteins. Alternatively, one protein might display a distinct role in each compartment [66] . In addition, molecules with a mass of up to 40-60 kDa are capable of diffusing passively through nuclear pores along their concentration gradient, whereas others are actively transported by utilizing nuclear localization signals that are recognized by receptor molecules which dock with their cargo at the nuclear pore [65] . Recently, Urtasun et al. reported that tomato ASR1 showed predominantly cytoplasmic localization in yeast using indirect immunofluorescence with ASR1-specific antiserum [67] . The observed cytoplasmic localization is a long recognized feature of steroid hormone-receptor transcription factors, but is quite intriguing for non-receptor proteins like ASR. In addition, the observed cytoplasmic nature of ASR1 in the present study is also consistent with recent evidence showing that the tomato ASR1 could function as a chaperone [68] .
ASR genes have been suggested to play important roles in plant responses to developmental and environmental signals, including senescence, fruit ripening, pollen maturation and glucose metabolism [34, 38, 44, 45, 61, 62, 69] . In addition, ASR genes are typically upregulated by ABA and in response to abiotic and biotic stresses [34] [35] [36] 39, 41, 42, 57] . Moreover, the ASR protein acts as a downstream component of a common signal transduction pathway for sugar and ABA signals [34, 37, 43] . It is clear that ABA is implicated in many processes including fruit ripening [1, 2] , for example, ABA can hasten the initiation of ripening of tomato fruit and grape berry [19, 20, 24, 25, 33] . In non-climacteric fruits such as sweet berry, grape berry and orange, the ABA content gradually accumulates with sugar accumulation and fruit ripening [19, 21, 23, 25] . ABA has also been reported to accelerate sucrose uptake, advance colour development and increase PAL activity in strawberry fruit and cortex discs [70] [71] [72] . The molecular mechanism of ABA action and its role in regulating FaASR expression during strawberry fruit ripening are still not well understood. In the present work, endogenous ABA content, levels of FaASR mRNA and protein significantly increased at the beginning or after ripening initiation (W developmental stage) (Figure 6 ). Application of exogenous ABA at LG and W fruit developmental stages increased the endogenous ABA content and accelerated fruit ripening (Figure 7 ). While the peak of endogenous ABA content was recorded at 2 h after commencing ABA treatment, it might just represent exogenous ABA absorbed by the fruit (Figure 7 ). More importantly, enhanced accumulations of FaNCED mRNA at 6-48 h after ABA treatment confirmed that the increase in ABA content was mainly due to endogenous ABA biosynthesis ( Figure S3 ). Furthermore, ABA treatment at these two developmental stages enhanced the expression of FaASR at transcriptional and translational levels (Figures 8 and 9 ) simultaneously, indicating that FaASR was also upregulated by ABA. These results further confirmed the hypothesis that ASR acts as a component of the transduction pathway for ABA signaling and is involved in non-climacteric fruit ripening, as reported in grape berry [34] , and also in climacteric fruit such as tomato [44, 60] . Our data represent the response of whole strawberry fruit (receptacle plus achenes) [18, 46, 73] , which differs from numerous other studies whereby the fleshy receptacle and achenes have been evaluated separately [12, 49, 74, 75] . It has been shown that free auxin levels peak in the receptacle and achenes prior to the white stage and subsequently decline as the fruit matures. The coordinated action between achene and receptacle is part of the mechanism ensuring achene maturation prior to fruit ripening [4, 50] . More recently, Csukasi et al. [49] revealed key elements of GA responses in strawberry and pointed to a critical role for GA in the development of the receptacle. In addition, Archbold and Dennis [76] reported that ABA was present in both strawberry receptacle and achenes, with total quantities in both achenes and receptacle increasing during fruit ripening, and Perkins-Veazie [47] suggested that the change in the auxin to ABA ratio in achenes and receptacle may be all that was needed to shift the genetic message from growth to ripening. Therefore, during strawberry fruit ripening, the possible coordinated action between achenes and the receptacle in relation to ABA and FaASR need to be further elucidated.
This study further highlights that the role of hormones in the control of strawberry ripening appears to be quite complex. Earlier studies on strawberry fruit ripening have shown that other plant growth regulators such as auxins [50, 51] , gibberellic acid (GA 3 ) [49, 77] , ethylene [16] , nitric oxide (NO) [78] and methyl jasmonate (MeJA) [18] could also modulate fruit ripening. In addition, it has been proposed that the accelerated changes in colour development and softening of strawberry produced by ABA treatment can be attributed to ethylene [70] , but contradictory results were obtained by Bustamante et al. [79] . Thus, the interactions among these hormones in relation to the initiation and progression of fruit ripening need to be further investigated to determine their relative contributions in non-climacteric fruit.
Conclusions
In the present study, the strawberry fruit ASR gene FaASR was isolated and characterized, and its polyantibody was also prepared. Moreover, the enhanced expressions of FaASR at transcriptional and translational levels by ABA treatment suggest that this protein LG: large green; W: white; T: turning, 50% red and R: full-ripe red, and changes of endogenous ABA content (B), levels of FaASR mRNA (C) and protein (D) at different fruit ripening stages. In (A), each stage of fruit development corresponded to days after post-anthesis (DPA) were indicated. In (C), total RNA (10 mg per lane) was used for northern blot analysis and hybridized with DIGlabeled probe, and ethidium bromide-stained rRNA was shown as the loading control. In (D), equal amounts of protein (30 mg) per lane were subjected to SDS-PAGE and then transferred to a nitrocellulose membrane. Thereafter, the FaASR protein amount was immunodetected by western blot using the anti-FaASR specific polyclonal antibody. In (C) and (D), the quantification of the northern or western blot bands was expressed in relation to the amount in fruit sampled at SG, which was set to 1. In (B), (C) and (D), vertical bars represented standard deviations (SD) of means (n = 3). Different letters indicated a statistical difference at the 5% level among data groups according to the Duncan's multiple range test. doi:10.1371/journal.pone.0024649.g006 might partially contribute to the acceleration of strawberry fruit ripening. Further experiment involving a transgenic approach merits consideration as a way to advance our understanding of the role of FaASR in regulating fruit ripening.
Materials and Methods
Ethics statement
All rabbits were raised under standardized pathogen-free conditions in the College of Veterinary Medicine at South China Agricultural University. The study protocol for the experimental use of the animals was approved by the Ethics Committee of South China Agricultural University.
Plant materials
Strawberry plants (Fragaria 6 ananassa, cv. 'Toyonaka') were grown under field conditions at the South China Agricultural University, Guangzhou, China. Fruits at different developmental stages were harvested, transferred to the laboratory and then classified by the size and skin color into five developmental stages as described by [51] : small green (SG, about 7 days after postanthesis (DPA)), large green (LG, about 15 DPA), white (W, about 23 DPA), turning (T, 50% red, about 26 DPA), and full-ripe red (R, about 30 DPA). The calyx and peduncle were removed, and the whole fruit (receptacle plus achenes) was collected. The samples were washed in distill water, drained, frozen in liquid nitrogen and stored at 280uC prior to analysis.
ABA treatment
Strawberry fruit at LG and W stages were randomly selected on the basis of size and absence of physical damage. The selected fruit were tagged in preparation for treatment with 100 mM ABA in 0.5% (v/v) Tween 20 or 0.5% (v/v) Tween 20 (control). Powdered [6] cis, trans-ABA (Sigma-Aldrich, Inc., St. Louis, MO, USA) was first dissolved in 1 ml of 70% ethanol and then diluted to a final volume of 1 l with 0.5% (v/v) Tween 20. Each fruit was dipped for 1 min. After 0, 0.5, 2, 6, 12 h, 1, 2, 4, 7 and 10 days of each treatment, 50 randomly selected fruit including the achene and receptacle were collected, washed with 70% ethanol, rinsed twice with 0.5% (v/v) Tween 20 to reduce the residual ABA on the fruit surface, and then frozen in liquid nitrogen and stored at 280uC until use.
Measurement of fruit surface color and firmness
Surface colour for individual fruit was measured using a reflectance colorimeter (Chromameter-2 Re-flectance, Minolta, Japan) equipped with a CR-300 measuring head. For each fruit, the color was measured in three different zones of its surface, and the L*, a* and b* colour space data values were recorded, of which parameter b* is a useful index for strawberry fruit ripeness [70] . Fruit firmness was measured using a digital force gauge pressure tester (Model Instron 5542, INSTRON Co., USA), using a 4 mm cylinder tip. Two measurements on each equatorial side were performed on each fruit. Twenty five fruit per sample were measured and the mean was recorded and expressed as Newtons (N) 6 standard deviations (SD). Determination of ABA content Quantitative determination of ABA content was performed following the protocol described by [80] with minor modifications.
Briefly, frozen fruit (5 g) was homogenised in cold (4uC) 80% methanol containing 100 mg butylated hydroxytoluene, and 324 ng D 3 -ABA (Roger Horgan, Garden City, NY, USA) as the Figure 8 . Changes in FaASR mRNA (A) and protein (B) accumulations after ABA treatment at the LG stage. Selected fruits at the LG stage (about 15 days after post-anthesis) were dipped for 1 min in a solution containing 0 (control) or 100 mM ABA, and then sampled at 0, 0.5, 2, 6 and 12 h, 1, 2, 4, 7 and 10 days. In (A), total RNA (10 mg per lane) was used for northern blot analysis and hybridized with DIG-labeled probe, and ethidium bromide-stained rRNA was shown as the loading control. In (B), equal amounts of protein (30 mg per lane) were subjected to SDS-PAGE and then transferred to a nitrocellulose membrane. Thereafter, the FaASR protein amount was immunodetected by western blot using the anti-FaASR specific polyclonal antibody. The quantification of the northern or western blot bands was expressed in relation to the amount in control fruit sampled at time 0, which was set to 1. Vertical bars represented standard deviations (SD) of means (n = 3). Different letters indicated a statistical difference at the 5% level among data groups according to the Duncan's multiple range test. doi:10.1371/journal.pone.0024649.g008 Figure 9 . Changes in FaASR mRNA (A) and protein (B) accumulations after ABA treatment at the W stage. Selected fruits at the W stage (about 23 days after post-anthesis) were dipped for 1 min in a solution containing 0 (control) or 100 mM ABA, and then sampled at 0, 0.5, 2, 6 and 12 h, 1, 2, 4, 7 and 10 days. In (A), total RNA (10 mg per lane) was used for northern blot analysis and hybridized with DIG-labeled probe, and ethidium internal standard. The mixture was stirred overnight at 220uC. After filtration, the extract was adjusted to pH 8.0 with ammonia and reduced to the aqueous phase under vacuum using a rotary film evaporator (RFE) with a water bath at 35uC. The aqueous phase was sealed in a test tube, frozen at 220uC, melted and thawed three times at 20uC. After intermittent centrifugation (1200 g for 20 min), polyvinylpolypyrrolidone (1 mg) was added to the supernatant. The combined solution was homogenised at 4.5 m/s for 10 s in a 10 ml sealed test-tube and then set aside for 10 min. Then, the samples were filtered through a layer of filter paper prewetted with 80% methanol. The filtrate was collected and adjusted to pH 2.5-3.0 with 2 M acetic acid. The filtrate was extracted three times in 5 ml of ethyl acetate. The organic layers were combined and evaporated to dryness under vacuum using a RFE with a water bath at 35uC. Extracts were dissolved in 5 ml 0.1 M acetic acid and passed through a C 18 Waters Sep-Pak cartridge (Waters, Milford, MA, USA) for purification. The methyl esters of the purified fraction were prepared by dissolving the residue in 1 ml methanol and adding 1.5 ml ethereal diazomethane. The excess diazomethane was removed under a stream of dry oxygen-free nitrogen gas. The methylated samples were redissovled in ethyl acetate before being analysed by gas chromatography-mass spectrometry (GC-MS). The injection volume was 1 ml. The experiment was repeated three times. GC-MS was conducted using an Agilent 6890/5973 GC-MS system (Agilent, Santa Clara, CA, USA).
RNA extraction, isolation of strawberry ASR full length cDNA
Total RNA from whole strawberry fruit (receptacle plus achenes) was extracted using the hot borate method of [81] . Frozen tissues (10 g) were ground to a fine powder in a mortar using a pestle in the presence of liquid nitrogen. The extracted total RNA was used as templates for RT-PCR. The product (the first-strand cDNA) was subjected to PCR amplification. Degenerate primers of ASR (i.e. sense: 59-GAGCACCACCACCACCA-NYTNTTYCAYC-39 and antisense: 59-CCTCCTTGGCCTC-CTTCTTYTCRTGRTG-39, where Y is C or T, R is A or G, and N is all four nucleotides) were designed with reference to the conserved amino acids sequences of ASR. Reactions for the RT-PCR were subjected to one cycle of 94uC for 3 min, 35 cycles each at 94uC for 1 min, 45uC for 2 min and 72uC for 2 min, and then one cycle of 72uC for 10 min. PCR products of the predicted size (about 790 bp in length) were purified and cloned into pGEM-T easy vector (Promega, Madison, WI, USA). The nucleotide sequences of the cDNA inserts were determined using the thermo sequenase dye terminator cycle sequencing kit and a 3730 DNA sequencer (PerkinElmer Applied Biosystems, Foster City, CA, USA).
Consequently, 39-or 59-rapid amplification of cDNA ends (39-or 59-RACE-PCR) was performed using cDNA amplification kits (TaKaRa, Shiga, Japan) according to the manufacturer's protocol. In order to amplify 39-end and 59-end fragments, the specific primers for FaASR (39-RACE: outer, ATCCGTTAGAA-ACCTCCTCC, and inner ATCCGTTAGAAACCTCCTCC; 59-RACE: outer, CCTCCTTGGCCTCCTTCTTGTCATGC-TG, middle, GCGGCGATCTCCTCCTCGAGATTCTG, and inner, GCTCCATGTGCTTGTGGTGCTTATCGTCCT) were designed based on the nucleotide sequences of the cDNA fragments already cloned by RT-PCR. The 39-and 59-RACE-PCR products were cloned and sequenced as described above. 
Bioinformatics analysis
Subcellular localization analysis
The coding region of the FaASR gene was amplified by PCR and inserted into the EcoRI and SalI sites of the pEZS-NL-GFP vector to generate FaASR-GFP in-frame fusion protein. Two systems of living plant cells, onion epidermal cells and tobacco protoplasts, were used for subcellular localization. For onion, the fusion construct or the control GFP vector were introduced into epidermal cells by particle bombardment using a Bio-Rad (Hercules, CA, USA) Biolistic PDS 1000/He system. For tobacco, protoplasts used for transfection were isolated from tobacco leaves of 3-to 4-week-old plants according to the method described by [82] . Protoplasts were transfected by a modified polyethylene glycol method as described by [83] . GFP fluorescence was observed with a laser scanning confocal microscope. All transient expression assays were repeated at least three times.
Transcriptional activation analysis in yeast cells
The transcriptional activation activity of FaASR was determined in yeast cells. The entire or partial coding regions of FaASR were obtained by PCR using primers: 59-GGAATTCATGTCT-GACGAGAAGCACCACCAC-39 and 59-GCGTCGACGGAA-GAGATGATGGTGCTTC-39, for the entire FaASR; 59-GGAATTCATGTCTGACGAGAAGCACCACCAC-39 and 59-GCGTCGACGAGACTCGGTGGTGCCATAAG-39, for the Nterminus; 59-GGAATTCGGAATCGATTACAAGAAGGAGG-39 and 59-GCGTCGACGGAAGAGATGATGGTGCTTC-39, for the C-terminus. The PCR products were inserted into the EcoRI/SalI sites of the pGBKT7 vector to create the pGBKT7-FaASR-F, pGBKT7-FaASR-N, pGBKT7-FaASR-C construct, respectively. According to the protocol of the manufacturer (Clontech, Palo Alto, CA, USA), the three constructs, the positive control pGBKT7-53+pGADT7-T, and the negative control pGBKT7 plasmids were used to transform the AH109 yeast strain. The transformed strains were streaked onto synthetic dextrose (SD)/-Trp or SD/-Trp-His-Ade plates. The transactivation activity of each protein was evaluated according to their growth status and b-galactosidase activity.
Preparation of FaASR polyclonal antibody
Protein expression and purification: FaASR was cloned into the NheI and BamHI sites of the pET-3C vector. The sequenced Hisbromide-stained rRNA was shown as the loading control. In (B), equal amounts of protein (30 mg per lane) were subjected to SDS-PAGE and then transferred to a nitrocellulose membrane. Thereafter, the FaASR protein amount was immunodetected by western blot using the anti-FaASR specific polyclonal antibody. The quantification of the northern or western blot bands was expressed in relation to the amount in control fruit sampled at time 0, which was set to 1. Vertical bars represented standard deviations (SD) of means (n = 3). Different letters indicated a statistical difference at the 5% level among data groups according to the Duncan's multiple range test. doi:10.1371/journal.pone.0024649.g009
FaASR construct was introduced into E. coli BL21 (DE3) for expression. Fusion proteins were expressed in BL21 (DE3) cells by adding 1.0 mM isopropyl-b-D-thiogalactoside (IPTG, SigmaAldrich) to the culture medium for 4 or 6 h at 37uC. The expression levels of the His-FaASR fusion proteins were assessed by analyzing total protein on SDS-PAGE followed by Coomassie Brilliant Blue R250 staining, and then purified using Ni-NTA agarose (Qiagen, Hilden, Germany) according to manufacturer's manual.
The FaASR antibody was generated in a New Zealand rabbit. Initially, 0.5 g of the purified FaASR protein was injected (subcutaneous) into a rabbit after being emulsified with Freund's complete adjuvant. Four booster injections were given at a 10-day interval, and the antiserum was collected 10 days after the last injection. Rabbit IgG was purified by precipitation with 50% saturated (NH 4 ) 2 SO 4 and DEAE-Sepharose column chromatography. The antibody titer was measured using an enzyme-linked immunosorbent analysis (ELISA) according to the methods described by [84] .
Northern blot analysis
Total RNA (10 mg) was separated on a 1.2% agaroseformadehyde gel and capillary blotted onto positively-charged nylon membrane (BiodyneH B, 0.45 mm, PALL Co. Sarasota, FL, USA). The RNA was fixed to the membrane by baking for 2 h at 80uC and then cross-linked to the membranes using an ultraviolet cross linker (Amersham Biosciences, Piscataway, NJ, USA). The membranes were prehybridized for more than 3 h in SDS buffer containing 50% deionized formamide (v/v), 5 6 SSC, 7% SDS, 2% blocking reagent (Roche Diagnostics, Mannheim, Germany), 50 mM sodium-phosphate (pH 7.0) and 0.1% N-lauroylsarcosine (w/v). Hybridization was performed overnight in the same buffer containing the FaASR gene-specific digoxin (DIG)-labeled probe at 45uC. The probe was prepared with a DIG probe synthesis kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. The probe was synthesized from the 39-untranslated regions of the FaASR gene (i.e. DIG-For: 59-GCGAGACCTC-CACTGAAACT-39 and DIG-Rev: 59-GCAAACCCAGATAA-TACCCA-39). Following hybridization, membranes were washed twice for 10 min with 2 6 SSC containing 0.1% SDS at 25uC, followed by washing twice for 30 min in 0.1 6 SSC containing 0.1% SDS at 62uC. The chemiluminescence signals were detected using CDP-Star TM (Roche Diagnostics) as described by the manufacturer. Membranes were scanned with a densitometer (Bio-Rad Fluor-S Multimager) and quantified using Bio-Rad Quantity One software in at least three independent hybridization signals.
Protein extraction and western blot analysis
Protein from ground fruit samples was extracted with phenol and purified by ammonium acetate-methanol precipitation as described by [85] . The protein concentration in all extracts was determined using the RC/DC protein assay kit (Bio-Rad Laboratories, Hercules, CA) to compensate for interfering compounds according to the manufacturer's protocol using bovine serum albumin (BSA) as standard. Separation of proteins was performed by SDS-PAGE using 30 mg protein per lane. After electrophoresis, protein was electro-transferred onto poly-vinylidene fluoride (PVDF) membrane (0.22 mm, Bio-Rad) using a BioRad transfer apparatus. After rinsing in TBS buffer [10 mM TrisHCl (pH 7.5) and 150 mM NaCl], the membrane was blocked with 3% (w/v) BSA in TBS containing 0.05% (v/v) Tween 20 for 2 h and then incubated with gentle shaking for 3 h in 5000-fold diluted primary FaASR polyclonal antibody at 25uC. Following extensive washes with TBST buffer [TBS, 0.05% (v/v) Tween 20], the membrane was incubated with goat anti-rabbit IgG-alkaline phosphatase conjugate (1:2000 diluted in TBST) (Promega, Madison, WI, USA) at 25uC for 1 h and then washed with TBST and TBS, respectively. The membrane was stained with 10 mL of solution containing nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Promega) in the dark. The reaction was terminated by adding double distilled water. The molecular masses of the polypeptides were estimated from a plot of the log of molecular mass of the marker standards versus the migration distance. Membranes were scanned and densitometer with a Bio-Rad Fluor-S Multimager and quantified using Bio-Rad Quantity One software in at least three independent blots.
Statistical analysis
The experiment was arranged in a completely randomized design. Each sample time point for each treatment was comprised of three independent replicates. Data are plotted in figures as means 6 standard deviations (S.D.). Least significant differences (LSD) were calculated to compare significant effects at the 5% level using DPS software (Zhejiang University, Version 3.0). 
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